Background
==========

Pulmonary arterial hypertension (PAH), which is characterized by small pulmonary artery occlusion and remodeling, can result in progressive increases in pulmonary vascular resistance, right ventricular failure, or even death \[[@b1-medscimonit-26-e920678]--[@b3-medscimonit-26-e920678]\]. High remodeling of pulmonary vessels in PAH patients is due to gene changes, cell signaling changes, metabolic changes, abnormal pressure, and chronic inflammation \[[@b4-medscimonit-26-e920678]\]. Endothelial progenitor cells (EPCs) are usually defined as cells that can differentiate into endothelial cells and contribute to the formation of new blood vessels \[[@b5-medscimonit-26-e920678]\]. EPCs are a mononuclear cell population derived from bone marrow \[[@b6-medscimonit-26-e920678]\] and play an important role in maintaining vascular integrity through promoting new endothelial growth and endothelial repair mechanisms, which protects tissue perfusion after ischemic injury \[[@b7-medscimonit-26-e920678]\]. It has been reported that the enhanced senescence and dysfunction of circulating EPCs may accelerate endothelial dysfunction and lead to pulmonary vascular remodeling in PAH \[[@b8-medscimonit-26-e920678]\]. Therefore, delaying the senescence of EPCs may help prevent PAH.

Boehm et al. \[[@b9-medscimonit-26-e920678]\] pointed out that at present, the treatment of PAH does not target the process of pulmonary vascular remodeling; however, antagonism of aldosterone (ALDO) with spironolactone (SP) can improve the motor ability and endothelial dysfunction in the process of pulmonary vascular remodeling. It has been reported \[[@b10-medscimonit-26-e920678]\] that there is a positive correlation between plasma ALDO levels and the transpulmonary gradient in PAH patients. Moreover, according to a report by Ogo \[[@b11-medscimonit-26-e920678]\], PAH is associated with accelerated activation of renin-angiotensin-aldosterone system and the sympathetic nervous system. In addition, aldosterone antagonists can reduce morbidity and mortality in patients with severe left heart failure; however, the pathological effects of ALDO on PAH and heart failure have not been fully elucidated \[[@b9-medscimonit-26-e920678]\].

Sirtuin 1 (SIRT1) is a redox-sensitive protein \[[@b12-medscimonit-26-e920678]\] involved in many cellular processes, including metabolism, senescence, circadian rhythm regulation, oxidative stress response, and proliferation \[[@b13-medscimonit-26-e920678]\]. SIRT1 is a NAD^+^ dependent deacetylase, which can cause downregulation and deacetylation of target p53, which is an upstream regulator of the transcription of cyclin-dependent kinase inhibitor p21/cip1 \[[@b14-medscimonit-26-e920678]\]. Research \[[@b15-medscimonit-26-e920678]\] found that long noncoding RNA (lncRNA)-mediated SIRT1/p53 and FoxO3a signaling pathways, which regulate type II alveolar epithelial cells senescence in the pathogenesis of chronic obstructive pulmonary disease. Besides, according to a report in 2019 \[[@b16-medscimonit-26-e920678]\], ALDO stimulation may induce metabolic remodeling of beagle dog ventricular myocardial cells via the SIRT1/AMPK signaling pathway. Therefore, in this study, we speculate that the effect of ALDO on PAH is related to stimulating EPCs and regulating the SIRT1/p53/p21 pathway.

Material and Methods
====================

Animal models of PAH
--------------------

Male Sprague-Dawley (SD) rats, aged 12 to 14 weeks, weighing 250±20 g were purchased from Sparford Laboratory Animal Science and Technology Co., Ltd. (Beijing, China). To determine the effect of mineralocorticoid receptors inhibition on monocrotaline (MCT)-induced PAH, the SD rats were randomly divided into 4 groups (n=10 per group): control group, spironolactone (SP) group, MCT group, and MCT+SP group. The SD rats were administered 0.9% normal saline as vehicle control or SP (25 mg/kg/day; Henry Schein, Melville, USA) in the drinking water or MCT (50 mg/kg; Sigma-Aldrich, St. Louis, MO, USA)) by intraperitoneal (IP) injection alone or treated with MCT (50 mg/kg) and SP (25 mg/kg/day). After treatment for 23 to 25 days, the rats were sacrificed with an overdose of pentobarbital sodium (100 mg/kg). The lung tissues of rats were removed and washed with phosphate-buffered saline (PBS) and divided into 2 parts. One part was fixed with 4% polyformaldehyde overnight, paraffin-embedded, and sectioned for hematoxylin-eosin staining (H&E) staining; The other part was frozen at −80°C for the detection of SIRT1, p53, and p21 proteins expression levels. Animal experiments were carried out in accordance with the rules for the feeding and use of experimental animals. The study was approved by the ethics review board for animal studies of the Changzhou University.

H&E staining
------------

H&E staining was performed to observe the pulmonary artery pathology section. The pulmonary artery was fixed with 4% paraformaldehyde, and paraffin was used to embed the pulmonary artery. Then the pulmonary artery was cut into 5 mm segments. Sections were stained with H&E. Each section was randomly selected from 10 microscopic fields and observed under a microscope. To quantify the thickness of pulmonary artery wall, lumen diameter (or basement membrane level area) and total vessel diameter (or adventitia margin area) of 10 muscular arteries with pulmonary segments 50 to 100 mm in diameter were measured. Diameter and area were measured by ImageJ (National Institutes of Health, Bethesda, MD, USA). Then to calculate the vascular arterial wall thickness (%): (total vascular diameter-lumen diameter)/diameter of total vessel×100%, and wall area (%): (total area-lumen area of vessel)/total area of vessel×100%.

Western blot (WB) analysis
--------------------------

Western blot (WB) analysis was used to detect SIRT1, p53, and p21 proteins in lung tissues. The frozen lung tissues (100 mg) were ground into powder in liquid nitrogen. RIPA pyrolysis solution containing 1% PMSF was added for 1 mL. The supernatant was centrifuged for 20 minutes at 4°C at 12 000 rpm. The protein content was determined by BCA protein assay kit (Beyotime, China). The protein (30 μg) was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to a polyvinylidene fluoride membrane (Millipore Billerica, MA, USA). The membrane was blocked with 5% skim milk for 2 hours at room temperature. We added 1: 250 diluted SIRT1 (ab110304,121kD), p53 (ab131442, 53kD), and p21 (ab109199, 21kD) antibodies and incubate overnight at 4°C. GAPDH (1: 500, 36kD, ab8245) was used as the internal control (antibodies were purchased from Abcam, Cambridge, UK). The samples were incubated with horseradish peroxidase-conjugated secondary antibody (1: 10000; Li-Cor, Inc., USA) for 1 hour at room temperature. ImageJ was performed for the semi-quantitatively analysis.

Immunofluorescence staining
---------------------------

EPCs from healthy rats were isolated by density gradient centrifugation using Ficoll-Paque™ PREMIUM (GE-Healthcare, Freiburg, Germany). EPCs (1×10^7^) were seeded on 6-well plates coated with human fibronectin (Millipore, Temecula, USA) in endothelial basal medium-2 (Lonza, Walkersville, MD, USA) containing endothelial growth medium-2 (EGM-2) SingleQuots (Lonza, Walkersville, MD, USA). After culturing for 7 days, EPCs were verified by detecting by immunofluorescence staining, cells that were double positive for Ulex europaeus agglutinin (UEA-1) lectin binding and acetylated LDL (acLDL). Cells were incubated with 1,1′-octadecyl-3,3,3′,3′-tetramethylcyanocarbon labeled acLDL (DiI-acLDL, 2.47 ug/mL) at 37°C for 1 hour, then immobilized in PBS with 2% paraformaldehyde for 10 minutes. Then the cells were stained with fluorescein isothiocyanate-labeled lectin from UEA-1 (10 mg/mL) for 1 hour. DAPI (4′6-diamidino-2-phenylindole, dilactate) was used as a control to see the nuclei. The image was enlarged under a fluorescence microscope. Differentiated EPCs were identified as double positive stained with DiI-acLDL and UEA-1 lectin.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
----------------------------------------------------------------------------

EPCs (1×10^4^ cells/well) were inoculated in 96-well plates. EPCs were treated by ALDO at different concentrations (1, 10, 100, and 1000 nmol/L) and MTT was used to detect the cell viability. Control group were set at the same time. After another 24 hours of incubation, MTT was added and cells were incubated for another 4 hours, then dimethyl sulfoxide (DMSO) was added. After crystallization was completely dissolved, the optical density at wavelength of 490 nm was measured by commercial enzyme linked immunosorbent assay kit (R&D Systems, Minneapolis, MN, USA).

Cell grouping and transfection
------------------------------

After EPCs were treated with ALDO at different concentrations, and the MTT assay was performed to detect cell viability, resulting in the selection of 100 nmol/L ALDO for further experiments. Then the cells were divided into the 4 groups: control group (untreated EPCs), SP group (EPCs treated with 10 μmol/L SP, ALDO group (EPCs treated with 100 nmol/L ALDO), ALDO+SP group (EPCs treated with 10 μmol/L SP and 100 nmol/L ALDO). In order to explore the underlying mechanism, the cells were transfected with SIRT1 siRNA, and the cells were divided into 3 groups: control group, siNC group (EPCs transfected with siNC), and siSIRT1 group (EPCs transfected with SIRT1 siRNA). EPCs (5×10^5^ cells/well) were inoculated in 6-well plates. Then the cells were transfected with control siRNA (siNC) or SIRT1 siRNA (Santa Cruz Biotechnology, Carlsbad, CA USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After 48 hours of transfection, further experiments were conducted.

Senescence-associated β-galactosidase (SA-β-gal) staining
---------------------------------------------------------

The senescence of EPCs was detected by *in situ* staining with SA-β-gal with an acid β-galactosidase staining kit (Beyotime, Nanjing, China). After termination of the reaction by the addition of PBS, the number of β-gal positive cells was examined by counting at least 300 cells per representative field of view under light microscope. The experiments were performed 3 times, and β-gal positive cell numbers was expressed as a percentage of total cells.

Statistical analysis
--------------------

GraphPad Prism (Graphpad Software Inc., La Jolla, CA, USA) was used to analyze all data. Data were expressed as mean±standard deviation. The differences between groups were analyzed using one-way ANOVA analysis followed Tukey test. All *P* values \<0.05 were considered statistically significant.

Results
=======

SP remarkably prevented the development of MCT-induced PAH
----------------------------------------------------------

After treatment with MCT, the pathology sections of the pulmonary artery were collected. The results of H&E showed that compared to the control group, rats in the MCT group had an increased percentage change in pulmonary artery wall thickness/diameter and ratio of area of pulmonary segmental wall to total vessel area, while SP reversed the development of MCT-induced PAH ([Figure 1A--1C](#f1-medscimonit-26-e920678){ref-type="fig"}). Then, the expression of SIRT1, p53, and p21 proteins were measured by WB. The results revealed that MCT downregulated the expression of SIRT1 and upregulated the expression of p53 and p21 in the lung tissue of rats, while SP partial reversed the effect of MCT on the lung tissue of rats ([Figure 1D, 1E](#f1-medscimonit-26-e920678){ref-type="fig"}).

Phenotypic characterization of rats EPCs
----------------------------------------

We isolated the EPCs from peripheral blood mononuclear cells of healthy rats. EPCs were identified using immunofluorescence staining. Three color fluorescence imaging results showed that uptake of EPCs to Dila-acLDL (red), bound to FITC-UEA-1 (green). The nuclei were found stained with DAPI (blue). The differentiated endothelial progenitor cells were double-positive, and the covering layer was yellow ([Figure 2A](#f2-medscimonit-26-e920678){ref-type="fig"}).

ALDO inhibited EPCs activity in a dose-dependent manner in PAH rats
-------------------------------------------------------------------

EPCs were treated with different concentrations of ALDO (1, 10, 100, and 1000 nmol/L). Cell viability and expression of SIRT1 protein were measured by MTT and WB. The results found that the inhibitory effect of ALDO on EPCs viability was obvious with the increase of ALDO concentration ([Figure 2B](#f2-medscimonit-26-e920678){ref-type="fig"}). Moreover, ALDO could inhibit the expression of SIRT1 protein in EPCs, and the more the concentration of ALDO increased, the more obvious the inhibitory effect on the expression of protein SIRT1 was ([Figure 2C, 2D](#f2-medscimonit-26-e920678){ref-type="fig"}).

ALDO inhibited the viability and induced the senescence of EPCs
---------------------------------------------------------------

In order to further explore the role of ALDO on EPCs, we measured the cell viability by MTT, and EPCs stained for SA-β-gal to detect the senescence. The results revealed that ALDO decreased the optical density at wavelength of 490 nm of EPCs, compared to the control group. And the mineralocorticoid receptor inhibitor SP increased the optical density of EPCs, compared to the ALDO group ([Figure 3A](#f3-medscimonit-26-e920678){ref-type="fig"}). In addition, the percentages of β-galactosidase positive cells in the ALDO group was obviously increased compared to the control group, while SP remarkably reversed the ALDO-induced senescence ([Figure 3B, 3C](#f3-medscimonit-26-e920678){ref-type="fig"}). Moreover, ALDO inhibited the expression of SIRT1 protein in EPCs, while it was upregulated remarkably in EPCs which were treated with ALDO and SP ([Figure 3D, 3E](#f3-medscimonit-26-e920678){ref-type="fig"}).

ALDO inhibited the viability and induced the senescence of EPCs through downregulating SIRT1
--------------------------------------------------------------------------------------------

Next, in order to explore the underlying mechanism of the effect of ALDO on EPCs. EPCs were transfected with SIRT1 siRNA. The WB assay was conducted to measure the transfection rate, and the resulted showed that the SIRT1 protein was remarkably downregulated in EPCs transfected with SIRT1 siRNA ([Figure 4A, 4B](#f4-medscimonit-26-e920678){ref-type="fig"}). In addition, the expression of p53 and p21 proteins were upregulated in EPCs transfected with SIRT1 siRNA ([Figure 4C, 4D](#f4-medscimonit-26-e920678){ref-type="fig"}). Then the SA-β-gal staining was conducted to detect the senescence of EPCs, and the result showed an increased percentages of β-galactosidase positive cells in the siSIRT1 group compared to the control group and the siNC group ([Figure 4E, 4F](#f4-medscimonit-26-e920678){ref-type="fig"}).

Discussion
==========

The main finding of this study was that MCT increased the vascular arterial wall thickness and wall area in lung tissue of rats, while SP as antagonism of ALDO partially reversed this MCT effect. MCT inhibited SIRT1 protein expression and increased p53 and p21 protein expression in lung tissue of rats. Cell experiments showed that ALDO inhibited normal EPCs viability and induced senescence, which might occur by regulating the SIRT1/p53/p21 pathway.

At the heart of the pathology of pulmonary hypertension is a plexiform lesion composed of proliferation of vascular smooth muscle cells, endothelial cells inflammatory cells, and myofibroblasts that block the pulmonary arteries \[[@b17-medscimonit-26-e920678]\]. According to Thompson et al. \[[@b18-medscimonit-26-e920678]\], vascular remodeling is the main pathological feature of PAH, but there are few treatments for this process. According to a review in 2018, EPCs participate in endothelial cell regeneration and are considered to be an important factor in endogenous vascular repair, which can promote the reendothelialization of damaged arteries by replacing dysfunctional EPCs, thus inhibiting the formation of new intima \[[@b19-medscimonit-26-e920678]\]. It has also been reported that the proper homing of EPCs plays a key role in the remodeling of regenerated arteries. However, the mechanism of EPC promoting pulmonary vascular remodeling remains unclear \[[@b20-medscimonit-26-e920678]\].

Animal models are important tools for understanding the pathophysiology of pulmonary hypertension and for discovering and developing new therapies \[[@b21-medscimonit-26-e920678]\]. In this study, PAH rat models were established by MCT. We observed the pulmonary artery pathology section by H&E staining. In addition, the vascular arterial wall thickness and wall area were calculated. The results revealed that the change in vascular arterial wall thickness and wall area in the lung tissue of the model rats. SP was shown to have an inhibitory effect on PAH in rats induced by MCT. SP has a wide range of therapeutic effects in cardiovascular diseases. A previous study \[[@b22-medscimonit-26-e920678]\] reported that SP and rivaroxaban combination therapy partially inhibited cardiovascular remodeling of PAH by inhibiting pal-2 and local aldosterone produced by StAR. A clinical study of 46 patients with PAH by Safdar et al. \[[@b23-medscimonit-26-e920678]\] showed that SP was safe and well tolerated, with no increased side effects in patients with hyperkalemia or liver function tests abnormalities.

We also found in our study that MCT downregulated the expression of SIRT1 and upregulated the expression of p53 and p21 in PAH rat lung tissue. A previous study \[[@b24-medscimonit-26-e920678]\] showed that resveratrol partially improved right ventricular systolic pressure and reduced right ventricular hypertrophy in PAH rats by enhancing SIRT1 activation, thus producing a beneficial effect. In recent years, many studies have pointed out that SIRT1 plays a key role in the proliferation and apoptosis of cells. For instance, the research of Igarashi et al. \[[@b25-medscimonit-26-e920678]\] showed that in the intestinal tract, SIRT1-activated compounds were predicted to not impair signal transduction in Paneth cells and to activate SIRT1 in intestinal stem cells, which should increase the number of intestinal stem cells, and be beneficial to health. SIRT1 also has been shown to inhibit the proliferation of vascular smooth muscle cells induced by oxidative stress \[[@b26-medscimonit-26-e920678]\]. Similarly, another research study found that creatine provided at least partial protection against nonalcoholic fatty liver disease by inhibiting miR-34a/SIRT1/p66shc pathway \[[@b27-medscimonit-26-e920678]\]. Other researchers \[[@b28-medscimonit-26-e920678]\] found that SIRT1 was gradually inhibited during early intestinal reperfusion, which resulted in intestinal reactive oxygen species accumulation and apoptosis. The p53/p21 pathway, which is one of the major pathways to induce cell senescence \[[@b29-medscimonit-26-e920678]\], was one of the focuses of our research. SIRT1 has been found to specifically bind to p53 and deacetylated it, negatively regulating p53-mediated transcriptional activation in oxidative stress, containing p53-mediated p21 transcriptional activation \[[@b29-medscimonit-26-e920678]\]. Based on the aforementioned results, we speculated that the effect of SP on PAH rats might be through the SIRT1/p53/p21 pathways.

We further explored the mechanism of ALDO affecting EPCs function through cell experiments. The results revealed that ALDO inhibited normal EPCs viability and induced senescence. In addition, ALDO downregulated SIRT1 protein expression and upregulated p53 and p21 protein expression in normal EPCs. We inferred that ALDO stimulated EPCs and promoted PAH by downregulating SIRT1, which promoted EPCs senescence and inhibited EPCs proliferation. Then, we transfected SIRT1 siRNA to EPCs to verify that SIRT1 regulates EPCs senescence by regulating p53/p21. And the results revealed that the expression of p53 and p21 proteins in the EPCs were upregulated and the senescence was accelerated when cells were transfected with SIRT1 siRNA. Our study results were similar to other research \[[@b30-medscimonit-26-e920678]\] that found that MeCP2 inhibited SIRT1 in senescent EPCs, in which telomere activity was low, and the p16 and p53 mRNAs levels were high, and SIRT1 showed the effect to reverse the effects of MeCP2 on EPCs.

Conclusions
===========

In summary, the results in our study revealed that ALDO stimulated EPCs. It was found that ALDO downregulated SIRT1, which regulated the p53/p21 pathway to promote EPCs senescence and inhibit EPCs proliferation, thus promoting PAH. However, there were some limitations to this study. For example, the effect of ALDO on EPCs in PAH rat models needs to be studied directly in future trials, and other pathways that might be involved in cell senescence should be studied.
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![Pathological section of pulmonary artery and expression of sirtuin 1 (SIRT1), p53 and p21 in lung tissue. (**A**) Representative images of hematoxylin-eosin staining (H&E) for lung sections from each group. (**B**) The ratio of wall thickness of the lung slices to the total diameter of the total blood vessels was counted. The results showed that compared with the control group, rats treated with monocrotaline (MCT) with increased percentage of pulmonary artery wall thickness/diameter, while spironolactone (SP) reversed this effect of MCT. (**C**) The ratio of area of pulmonary segmental wall to total vessel area was calculated. The results revealed that rats treated with MCT with increased percentage of pulmonary artery wall thickness/diameter compared with the control group, while SP reversed this effect of MCT. (**D, E**) The results of western blot (WB) revealed that compared with control group, MCT downregulated the expression of SIRT1 and upregulated the expression of p53 and p21 in pulmonary arterial hypertension (PAH) rats' lung tissue. \*\* *P*\<0.001 versus control, ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.001 versus MCT.](medscimonit-26-e920678-g001){#f1-medscimonit-26-e920678}

![Characteristics of endothelial progenitor cells (EPCs) from healthy rat peripheral blood and the effects of different concentrations of aldosterone (ALDO) on EPCs viability and the expression of sirtuin 1 (SIRT1). (**A**) EPCs were identified by immunofluorescence staining. The results showed that EPCs binded Dila-acLDL (red) and FITC-UEA-1 (green). The nuclei were stained with DAPI (blue). The differentiated endothelial progenitor cells were double positive, and the covering layer was yellow. (**B**) The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay showed that ALDO inhibited EPCs viability in a dose-dependent manner. (**C, D**) The results of western blot (WB) revealed that ALDO downregulated SIRT1 protein expression in a dose-dependent manner. \* *P*\<0.05, \*\* *P*\<0.001 versus control.](medscimonit-26-e920678-g002){#f2-medscimonit-26-e920678}

![The effects of aldosterone (ALDO) and spironolactone (SP) on the proliferation and senescence of endothelial progenitor cells (EPCs). (**A**) EPCs treated with ALDO (100 nmol/L) with lower optical density at wavelength of 490 nm compared with EPCs in control group, while SP (10 μmol/L) remarkably reversed the effect of ALDO. (**B, C**) Senescence-associated β-galactosidase (SA-β-gal) activity was measured for cell senescence, and the results revealed that increased percentages of β-galactosidase positive cells were found in the ALDO group compared with that in control group, while SP remarkably reversed the ALDO-induced senescence. (**D, E**) The results of western blot (WB) revealed that ALDO downregulated sirtuin 1 (SIRT1) protein expression in EPCs, while SP remarkably reversed the effect of ALDO. \*\* *P*\<0.001 versus control. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.001 versus SP. ^&^ *P*\<0.05, ^&&^ *P*\<0.001 versus ALDO.](medscimonit-26-e920678-g003){#f3-medscimonit-26-e920678}

![The role of sirtuin 1 (SIRT1) in the senescence of endothelial progenitor cells (EPCs) via regulating the p53/p21 pathway. (**A, B**) The western blot (WB) results showed that the cells were transfected successfully with SIRT1 siRNA. (**C, D**) The WB results revealed that the expression of p53 and p21 proteins in the EPCs were upregulated when cells transfected with SIRT1 siRNA. (**E, F**) Measuring for cell senescence by senescence-associated β-galactosidase (SA-β-gal) activity, and the results found that the siSIRT1 group with increased percentages of β-galactosidase positive cells compared with control group. \* *P*\<0.05, \*\* *P*\<0.001 versus control. ^\#^ *P*\<0.05, ^\#\#^ *P*\<0.001 versus siNC.](medscimonit-26-e920678-g004){#f4-medscimonit-26-e920678}
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